Viroids are a unique class of noncoding RNAs: composed of only a circular, single-stranded molecule of 246-401 nt, they manage to replicate, move, circumvent host defenses, and frequently induce disease in higher plants. Viroids replicate through an RNA-to-RNA rolling-circle mechanism consisting of transcription of oligomeric viroid RNA intermediates, cleavage to unit-length strands, and circularization. Though the host RNA polymerase II (redirected to accept RNA templates) mediates RNA synthesis and a type-III RNase presumably cleavage of Potato spindle tuber viroid (PSTVd) and closely related members of the family Pospiviroidae, the host enzyme catalyzing the final circularization step, has remained elusive. In this study we propose that PSTVd subverts host DNA ligase 1, converting it to an RNA ligase, for the final step. To support this hypothesis, we show that the tomato (Solanum lycopersicum L.) DNA ligase 1 specifically and efficiently catalyzes circularization of the genuine PSTVd monomeric linear replication intermediate opened at position G95-G96 and containing 5′-phosphomonoester and 3′-hydroxyl terminal groups. Moreover, we also show a decreased PSTVd accumulation and a reduced ratio of monomeric circular to total monomeric PSTVd forms in Nicotiana benthamiana Domin plants in which the endogenous DNA ligase 1 was silenced. Thus, in a remarkable example of parasitic strategy, viroids reprogram for their replication the template and substrate specificity of a DNA-dependent RNA polymerase and a DNA ligase to act as RNA-dependent RNA polymerase and RNA ligase, respectively.
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RNA ligation | RNA replication | RNA processing V iroids are infectious agents constituted by a circular singlestranded RNA (246-401 nt in currently known species) that despite not coding for any protein can replicate in plants and often induce disease. The unique properties of viroids were uncovered four decades ago when the agents of two plant diseases, potato spindle tuber (1, 2) and citrus exocortis (3), were characterized. Since then, more than 30 viroid species have been described (4, 5) . Most, like the 359-nt Potato spindle tuber viroid (PSTVd), have a central conserved region (CCR) in their predicted rod-like secondary structure and are grouped in the family Pospiviroidae. Four other species, including Avocado sunblotch viroid, which lack a CCR and display autocatalytic cleavage, are gathered in the family Avsunviroidae (6) . Viroids replicate through a rolling-circle mechanism with only RNA intermediates, consisting of three steps: synthesis of repetitive, oligomeric RNAs of the viroid, cleavage of the oligomers to their monomeric units and subsequent circularization (7) . In the Pospiviroidae, which replicate in the nuclei of infected cells and follow an asymmetric pathway of this mechanism (Fig. 1A) , the incoming most-abundant circular RNA, arbitrarily assigned (+) polarity, is reiteratively transcribed into oligomeric RNAs of complementary (−) polarity that do not undergo processing and serve directly as templates for transcription of (+) oligomers. These oligomers of (+) polarity are finally processed to circular monomers (8) . In the Avsunviroidae, which replicate in the chloroplasts, the oligomeric (−) RNAs self-cleave through hammerhead ribozymes, and the resulting monomers, once circularized, serve as templates for the synthesis of the (+) oligomers in a second rolling-circle symmetric to the first (9) .
Soon after viroid discovery, studies with the inhibitor α-amanitin showed that the enzyme catalyzing synthesis of the strands of PSTVd, and of two other members of the Pospiviroidae, is RNA polymerase II (10) (11) (12) , induced to transcribe an RNA template instead of its natural DNA template. Additional support for this view was obtained with Citrus exocortis viroid, closely related to PSTVd, by immunoprecipitation studies with an antibody against the largest subunit of RNA polymerase II (13) . In addition, site-directed mutagenesis analyses suggest that a palindromic quasi-double-stranded structure-formed by the interaction of the upper CCR strand of two consecutive viroid units in the oligomeric intermediates-is cleaved at two symmetric sites by a host type-III RNase, whereas both CCR strands promote ligation by forming a rod-like structure containing a loop E (14, 15) (Fig. 1A) . Surprisingly, understanding of the third step of viroid replication, the circularization generating the final product, is very limited.
In this study, we searched for the host enzyme that catalyzes circularization during PSTVd replication.
Results
Detection of a Viroid-Circularizing Activity from Tomato (Solanum lycopersicum L.). Total soluble leaf proteins were extracted from tomato, the typical experimental host of PSTVd, fractionated by liquid chromatography with a heparin column, and assayed for viroid RNA circularizing activity. Importantly, in this assay we used as substrate an in vitro synthesized monomeric linear PSTVd RNA opened between positions G95 and G96 and containing 5′-phosphomonoester and 3′-hydroxyl termini (Fig.  1B) ; our previous results indicated that this is the physiological precursor of the circular forms (14, 15) . Reaction products were separated by denaturing PAGE and visualized by Northern blot hybridization with a complementary radioactive RNA probe. Detection of a PSTVd form with the expected low mobility of the circular RNA showed that the tomato preparation contained a viroid-circularizing activity eluting from the column at ∼0.5 M KCl (Fig. 1C) .
Using the tomato protein fraction with the highest viroid-circularizing activity, we then investigated the biochemical properties of the reaction. First, we observed similar loss of enzymatic activity in both the bacteriophage T4 RNA ligase and the tomato fraction upon digestion with proteinase K and thermal inactivation (Fig. S1A) , thus confirming that the tomato activity resided in a protein. Next, we examined the reactivity of the same substrate with different terminal groups. The fraction did not ligate monomeric linear PSTVd RNA substrates opened between positions G95 and G96 when the terminal groups were either 5′-hydroxyl and 2′,5′-cyclic phosphodiester or 5′-hydroxyl and 3′-hydroxyl (Fig. S1B) . Ligation in the presence of different nucleoside triphosphates or pairwise combinations thereof indicated a requirement for ATP (Fig. S1C) . UTP or GTP could be used less efficiently in ligation, but not CTP, which behaved as a competitive inhibitor. Interestingly, some ligation activity was also detected without externally added NTPs. However, a timecourse analysis of the reaction, including a comparison with T4 RNA ligase 1, an enzyme with the same specificity for the terminal groups of the substrate as the tomato activity, indicated that the latter definitively required ATP, but that it was purified, at least in part, as a preadenylated form able to catalyze a single cycle reaction in the absence of added ATP (Fig. S1 D and E) . We further studied the substrate specificity of the tomato fraction against different monomeric linear PSTVd RNAs with 5′-phosphomonoester and 3′-hydroxyl termini opened at different positions in the viroid molecule. We randomly chose six different positions mapping at single-stranded loops and double-stranded helices in the predicted minimal free-energy conformation PSTVd, which also included different combinations of terminal nucleotides ( Fig. 2A) . Intriguingly, the tomato fraction efficiently catalyzed ligation only of the viroid substrate opened between positions G95 and G96 (Fig. 2B) , indicating a high preference for the genuine precursor of the circular forms. Moreover, the corresponding (experimentally determined or predicted) physiological monomeric linear precursors of five additional viroid species, representative of the five genera forming the family Pospiviroidae, were all circularized by the tomato fraction, although with variable efficiency (Fig. 2C) .
Identification of the Tomato Enzyme Circularizing the Linear PSTVd RNA Replication Intermediate. To identify the tomato protein catalyzing PSTVd circularization, we reasoned that an RNA ligase activity requiring ATP may likely follow the conventional nucleotidyltransferase mechanism characteristic of most RNA and DNA ligases as well as of 5′-capping enzymes, in which a lysine in the enzyme active center reacts with ATP to form an enzyme-AMP covalent adduct that subsequently transfers the AMP moiety to the nucleic acid substrate (16) . By including in the reaction mix [α-32 P]ATP and analyzing the radioactively labeled RNAs and proteins, we detected an adenylated monomeric linear PSTVd RNA (Fig. 3A) , as well as two adenylated protein species of about 90 and 50 kDa (Fig. 3B) . Consequently, the adenylated protein species-particularly the 90-kDa species that was consistently detected in replicates of this experimentwere considered candidates for the enzyme mediating viroid circularization. Supporting the possibility that the enzymatic activity was associated with the adenylated protein, parallel assays of viroid circularization and protein adenylation revealed a perfect match between the product profiles of both reactions catalyzed by the different chromatographic fractions from tomato leaves (Fig.  3C) . To obtain sufficient protein for further characterization, a new chromatographic fractionation was carried out starting from 75 g of tomato leaves. Fractions were assayed for the viroid circularizing activity, and an aliquot from the fraction with the highest activity was separated by preparative SDS/PAGE and stained with Coomassie Blue. The piece of the gel corresponding to a protein size interval that should include the 90-kDa proteinadenylate adduct was excised (Fig. S2) , and the proteins were analyzed by tandem mass spectrometry. A search of plant sequence databases using the MASCOT algorithm led to identification of 112 different protein sequences (Table S1 ). None of these proteins were annotated with an RNA ligase activity; however, the list included Arabidopsis thaliana L. DNA ligase 1. The size of this protein (90 kDa) matched that of the larger tomato protein-adenylate adduct. Also, eukaryotic DNA ligase 1 follows the reaction mechanism described above, including a ligase-AMP intermediate. Moreover, A. thaliana DNA ligase 1 is purified, at least partially, as a preadenylated form, and in vitro assays using oligonucleotide substrates have shown that this enzyme can ligate acceptor RNA to donor DNA when both are hybridized to DNA (17) . These observations suggested that tomato DNA ligase 1 may be the host enzyme mediating circularization of PSTVd RNA; and, importantly, they raised the hypothesis that if viroids can subvert host DNA-dependent RNA polymerases to transcribe RNA templates, they could also subvert DNA ligase 1 to ligate (circularize) RNA substrates.
In Vitro and in Vivo Analysis of the Viroid RNA Circularizing Activity of Tomato DNA Ligase 1. To test the hypothesis that viroids subvert host DNA ligase 1 to mediate their circularization, we first retrieved the tomato sequence from GenBank (accession no. BT014510) that is orthologous to A. thaliana DNA ligase 1. Next, using a tomato RNA preparation, we obtained by RT-PCR amplification the full-length cDNA corresponding to the DNA ligase 1 ORF and cloned it in a plasmid to express in Escherichia coli a recombinant version of the protein with a carboxyl-terminal His 6 tag. Subsequent purification by affinity chromatography with a nickel column (Fig. S3A ) and in vitro assays showed that the purified recombinant protein very efficiently catalyzed circularization of the genuine linear PSTVd RNA precursor (Fig. S3B) . A protein preparation obtained through the same procedure from E. coli transformed with empty vector failed to catalyze this reaction (Fig. S3C) . The recombinant protein was also adenylated during the circularization reaction in the presence of [α-32 P]ATP (Fig. S3D) ; interestingly, it displayed the same exquisite substrate specificity as the protein extracted from tomato leaves, being unable to circularize the other monomeric linear PSTVd RNAs opened at positions other than G95-G96 (Fig. S3E) .
To complement these data with in vivo approaches, we next coexpressed an infectious dimeric head-to-tail PSTVd RNA together with a hairpin construct designed to silence the gene encoding DNA ligase 1 in Nicotiana benthamiana Domin (another experimental host for PSTVd in the family Solanaceae) by Agrobacterium tumefaciens-mediated transient transformation. The nucleotide sequences of N. benthamiana and tomato DNA ligase 1 are highly identical in that part of the sequence used to produce the hairpin construct. RNA was purified from infiltrated areas at different time intervals and analyzed by denaturing PAGE and Northern blot hybridization. When coexpressed with the empty vector, the dimeric PSTVd RNA was processed properly in N. benthamiana, and the monomeric linear and circular PSTVd forms were detected. However, when coexpressed with the DNA ligase 1 hairpin construct, the ratios of the monomeric circular form to total monomeric PSTVd RNAs (circular plus linear forms) were significantly lower ( Fig. 4A and Fig. S4 ). RTquantitative PCR (qPCR) analysis of N. benthamiana DNA ligase 1 mRNA indicated a 2.4-fold reduction at 4 d postinfiltration in tissues infiltrated with the hairpin construct respect to those infiltrated with the empty vector.
We also applied virus-induced gene silencing (VIGS), using a vector based on Tobacco rattle virus (18) . The construct included two cDNA fragments to silence the genes coding for DNA ligase 1 and Aequorea victoria GFP, the latter serving as a silencing reporter. N. benthamiana transgenic 16c plants constitutively expressing GFP (19) were either coinoculated with the VIGS vector and the PSTVd dimeric construct, or they were preinoculated with the VIGS vector, and 3-4 wk later selected leaves were infiltrated with the infectious PSTVd dimeric construct. In all cases, VIGS effectiveness was screened by monitoring GFP fluorescence decay. In the coinoculation format, quantitative determinations using PAGE and Northern blot hybridization (Fig. S5) showed that the upper noninoculated leaves accumulated significantly less PSTVd in plants coinoculated with the VIGS vector containing the DNA ligase 1 cDNA fragment than in those coinoculated with the control VIGS vector without the DNA ligase 1 fragment (Fig. 4B ). In the preinoculation format (Fig. S6) , a similar analysis showed that total PSTVd RNA, as well as the ratio of the monomeric circular form to total monomeric RNAs, were significantly lower in the infiltrated leaf areas of plants preinoculated with the VIGS vector expressing the DNA ligase 1 cDNA fragment than in those from plants preinoculated with the VIGS vector containing only the GFP cDNA fragment (Fig. 4 C and D). In this case, quantification of N. benthamiana DNA ligase 1 mRNA indicated an approximately sevenfold reduction at 4 wk postinfiltration in plants infiltrated to silence GFP and DNA ligase 1 with respect to those infiltrated to silence only GFP.
Finally, we mechanically inoculated tomato plants with the circular RNA generated in vitro by the recombinant DNA ligase 1 and purified by PAGE. One month later, the plants exhibited typical PSTVd symptoms (stunting and epinasty; Fig. S7 ), confirming that the product of the recombinant DNA ligase 1 was a bona fide infectious RNA.
Discussion
The identity of the host activity mediating the circularization step during replication of viroids belonging to the family Pospiviroidae has been a long-standing mystery. The situation became even more complicated when the monomeric linear precursor was shown to have 5′-phosphomonoester and 3′-hydroxyl ends (14, 15) , because the only RNA ligase described so far in plants, the tRNA ligase, specifically requires 5′-hydroxyl and 2′,3′-cyclic phosphodiester termini (20) . This observation led to the prediction (15) that higher plants must contain an RNA ligase activity similar to T4 bacteriophage RNA ligases, with the ability to catalyze joining of 5′-phosphomonoester and 3′-hydroxyl termini (21, 22) . The results reported here using a combination of in vitro and in vivo approaches show that the host DNA ligase 1 is the long-sought enzyme involved in circularizing the monomeric PSTVd RNA during replication. Moreover, because the cleavage mechanism of the oligomeric RNA intermediates appears conserved in the family Pospiviroidae (14) , the ligation mechanism that we propose for PSTVd most likely also operates for the rest of the viroid species in this family (Fig. 2) . In contrast, we have recently reported that the Avsunviroidae recruit the host chloroplastic tRNA ligase, an isoform that includes a transit peptide that targets it to the chloroplast, for the ligation of the (+) and (−) monomeric linear replication intermediates (23) . Our in vivo approaches did not completely abolish PSTVd circularization (Fig. 4) , suggesting incomplete silencing of N. benthamiana DNA ligase 1, a key enzyme essential for cell viability (24) . Nonetheless, the possibility of another host DNA ligase taking the role of the silenced DNA ligase 1 could not be excluded.
Our finding raises several considerations. During replication, PSTVd (and presumably the other Pospiviroidae) parasitizes two crucial components of the nuclear replication and transcription machinery of the host-namely, the DNA-dependent RNA polymerase II and the DNA ligase 1-and it redirects these enzymes to function on RNA templates and substrates, respectively. Targeting such key host proteins suggests a robust parasitic strategy, leaving little opportunity for the host to evade viroid infection; it also suggests an intricate evolutionary adaptation of the parasite to the host that may also be ancient, considering the very old origin proposed for viroids (25) . Viroids must have evolved for finely adapting their processing intermediates to be specifically recognized by DNA ligase 1. Our observation about the specificity of the DNA ligase 1 for just one of the several circular permutations of the viroid sequence tested (Fig. 2) supports the notion that it is not enough for the DNA ligase to have access to the two termini of the same RNA molecule; rather, a specific sequence and presumably a specific conformation is needed for the DNA ligase to accept an RNA substrate. Note that, upon binding DNA, human DNA ligase 1 induces a localized RNAlike A-form conformation around the DNA break (26, 27) , and it has been proposed that DNA ligases, RNA ligases, and RNAcapping enzymes evolved by fusion of ancillary effector domains to an ancestral catalytic module involved in RNA repair (16) . Thus, viroids would profit the retention of a primordial function of DNA ligase 1. Finally, DNA ligase 1-mediated joining of viroid RNAs may represent the tip of the iceberg of host RNA metabolism, with this enzyme playing roles as RNA ligase unknown so far. Pertinent to this context is Hepatitis delta virus (HDV), an important human pathogen resembling plant viroids in many aspects (28) . HDV replicates in the nucleus of infected cells, and elongation of one or both of its RNA strands is also catalyzed by the host RNA polymerase II. And although HDV ribozymes produce 5′-hydroxyl and 2′,3′-cyclic phosphodiester instead of 5′-phosphomonoester and 3′-hydroxyl termini, our finding opens the possibility that DNA ligase 1-after RNA termini modification-or another human DNA ligase might be involved in HDV replication.
Materials and Methods
Tomato Protein Extraction and Fractionation. Young leaves (15 g) from 1-moold tomato plants [cultivar (cv.) Rutgers] were harvested, ground in a mortar in the presence of liquid N 2 , and homogenized with 3 vol of cold extraction buffer [100 mM Tris·HCl (pH 8.0), 100 mM KCl, 10 mM MgCl 2 , 10 mM DTT, 1% Nonidet P-40] plus a mixture of protease inhibitors (Complete; Roche)]. The crude extract was clarified twice by centrifugation, first at 8,000 × g for 15 min and then at 100,000 × g for 30 min. The supernatant was fractionated by chromatography using a 1-mL heparin column (HiTrap Heparin HP; GE Healthcare) with an ÄKTA Prime Plus (GE Healthcare) liquid chromatography system operated at 4°C at a flow rate of 1 mL/min. After equilibration with 10 mL of extraction buffer, the column was loaded with the clarified extract and then washed with 20 mL of extraction buffer. Proteins were eluted with 10 mL of a linear gradient from 0.1 to 2 M KCl in extraction buffer, and 20 fractions of 0.5 mL were collected. For some experiments, 50-μL aliquots of specific fractions were dialyzed (10,000 kDa; Pierce) 3× for 1 h against 1 L of dialysis buffer [50 mM Tris·HCl (pH 7.5), 25 mM KCl, 1 mM DTT, 0.1% Nonidet P-40] at 4°C. Plabeled RNA probe as previously described (29) . In some experiments, 1 mM ATP was excluded from the RNA circularization assay or replaced by 1 mM CTP, 1 mM GTP, 1 mM UTP, or all of the possible combinations of each two NTPs at 1 mM each. Proteinase K digestion and thermal inactivation of the tomato RNA ligase activity is described in SI Materials and Methods.
In the experiment in which five different linear viroid RNAs representative of the five different genera in the family Pospiviroidae were subjected to the RNA circularization assays (Fig. 2C) , viroid RNAs were initially produced with 5′-and 3′-hydroxyl termini, and then 5′-phosphorylated with T4 polynucleotide kinase (Fermentas) in the presence of 5 μCi [γ-32 P]ATP (3,000
Ci/mmol). The polyacrylamide gel used to separate the reaction products was fixed for 30 min in 10% (vol/vol) acetic acid, 20% (vol/vol) methanol, dried under vacuum, and imaged by autoradiography.
Viroid RNA and Protein Adenylation Assays. The viroid RNA and protein adenylation assays were performed exactly like the viroid RNA circularization assay, but the 1 mM ATP was replaced by 5 μCi of [α-32 P]ATP (800 Ci/mmol). In the RNA adenylation assay, the substrate consisted of 250 ng of linear PSTVd RNA from position G96 to G95 with 5′-phosphomonoester and 3′-hydroxyl termini. The reaction was stopped and the products analyzed as described for the viroid RNA circularization assay, but polyacrylamide gels were fixed, dried, and imaged by autoradiography. In the protein adenylation assay, reactions were stopped by adding Laemmli loading buffer and heating at 95°C for 2 min. The reactions products were separated by SDS/PAGE in 12.5% (wt/vol) polyacrylamide gels that were fixed, dried, and imaged by autoradiography.
Identification of Tomato DNA Ligase 1, Cloning, and Expression of a Recombinant Version of the Protein. The viroid-circularizing activity was identified by mass spectrometry analysis of the proteins contained in a piece of a preparative polyacrylamide gel. The tomato DNA ligase 1 cDNA was amplified by RT-PCR from a tomato RNA preparation and cloned in a plasmid for expressing a recombinant version of the protein in E. coli. The recombinant protein fused to a carboxyl-terminal His 6 tag was purified by chromatography using a 1-mL Exact full-length strands of (+) polarity from Potato spindle tuber viroid (PSTVd; GenBank accession no. U23058) between positions G2 and C1, G16 and U15, G36 and U35, G96 and G95, G98 and G97, G198 and G197, and G265 and C264 ( Fig. 2A) were produced by in vitro transcription from plasmids containing the corresponding cDNA flanked by a bacteriophage RNA polymerase promoter and an Eco31I restriction site. The promoter (SP6 or T3) was positioned next to the viroid cDNA to produce the exact transcript initiation in each case. The recognition site of the type-IIS restriction enzyme Eco31I was properly placed at the end of the viroid cDNAs to produce the exact full-length PSTVd transcripts by run-off transcription on a DNA template linearized by Eco31I (Fermentas). Transcripts were purified by denaturing PAGE in 5% (wt/vol) gels, including 8 M urea in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA), eluted from the gel, and quantified spectrophotometrically. The 5′-triphosphorylated group of the resulting transcripts was subsequently converted to 5′-phosphomonoester (see below). Another exact full-length PSTVd transcript between positions G96 and G95 was produced by in vitro transcription of a conveniently linearized plasmid containing the PSTVd cDNA flanked by a modified version of the hammerhead ribozyme of Tobacco ringspot virus satellite RNA (sTRSV) (1) and a modified version of the ribozyme of Hepatitis delta virus minus RNA strand (2) . Transcripts, with 5′-hydroxyl and 2′,3′-cyclic phosphodiester termini, were also purified and quantified as indicated above.
A third version of an exact full-length PSTVd RNA between positions G96 and G95 with 5′-hydroxyl and 3′-hydroxyl termini was obtained by in vitro transcription using a linearized plasmid in which the cDNA was flanked by the modified sTRSV hammerhead ribozyme and a properly positioned Eco31I restriction site. Following the same strategy, exact full-length transcripts with 5′-hydroxyl and 3′-hydroxyl termini were also obtained of Hop stunt viroid (HSVd) (GenBank accession no. D13764) from position G83 to G82, Coconut cadang-cadang viroid (CCCVd) (GenBank accession no. J02050) from G63 to G62, Apple scar skin viroid (ASSVd) (GenBank accession no. AF421195) from A91 to G90, and Coleus blumei viroid 1 (CbVd-1) (GenBank accession no. X69293, with an additional G inserted in 146-147) from C74 to G73. All these transcripts were also purified by elution from a gel after denaturing PAGE separation and phosphorylated at their 5′ end with 32 P (see below). P]UTP (800 Ci/mmol). After transcription, the DNA template was digested with 4 U DNase I (Fermentas) for 10 min at 37°C, and the probe was purified by chromatography using a Sephadex G-50 column (Mini Quick Spin Column; Roche).
Terminal Group Modification of in Vitro Transcribed Viroid RNAs.
When indicated, the 5′-phosphorylated group of some in vitro transcribed viroid RNAs was converted into 5′-phosphomonoester by treatment with RNA 5′ polyphosphatase (Epicentre). RNAs (25 μg) were incubated for 1 h at 37°C in a 100-μL reaction mixture containing 50 mM Hepes/KOH (pH 7.5), 100 mM NaCl, 1 mM EDTA, 0.1% 2-mercaptoethanol, 0.01% Triton X-100, 80 U RNase inhibitor, and 20 U of the enzyme. RNAs were recovered by phenol/chloroform extraction and ethanol precipitation, and quantified by spectrophotometry.
Proteinase K Digestion and Thermal Inactivation of the Tomato RNA Ligase Activity. An aliquot (4 μL) of the tomato protein chromatographic fraction showing the highest viroid circularizing activity was incubated with 20 μg proteinase K in a 10-μL reaction in 10 mM Tris·HCl (pH 8.0), 5 mM EDTA, 1 mM 2-mercaptoethanol, 0.05% SDS for 30 min at 42°C followed by 30 min at 55°C. Thermal treatments of equivalent aliquots (4 μL) in a final volume of 10 μL were performed for 15 min at 55, 70, or 95°C. Aliquots (10 U) of a purified preparation of bacteriophage T4 RNA ligase 1 (Fermentas) were treated in parallel as controls. PSTVd RNA circularizing activity after proteinase K or thermal treatments was assayed as indicated above.
Protein Identification by Mass Spectrometry Analysis. A piece of a preparative polyacrylamide gel stained with Coomassie Blue was excised and subjected to digestion with sequencing grade trypsin (Promega) as described (3) . A gel plug with 75 ng of BSA was treated in parallel as a control of the digestion process. The gel piece was first incubated for 30 min at 60°C in 10 mM DTT, 50 mM NH 4 HCO 3 , then for 30 min (in the dark) in 55 mM iodoacetamide and 50 mM NH 4 HCO 3 , and finally washed for 2 min in acetonitrile:H 2 O (1:1) and for 5 min in acetonitrile. Proteins in the gel plug were incubated on ice with 100 ng trypsin for 30 min. The supernatant was removed and 20 μL of 50 mM NH 4 HCO 3 added. After an overnight digestion at 37°C, the reaction was stopped with 2 μL of 10% TFA. Peptides were extracted twice with acetonitrile, and the solvent of the combined extracts evaporated under vacuum. The digestion mixture was dried in a vacuum centrifuge, resuspended in 20 μL of 0.1% TFA, and then 1 μL was spotted onto the MALDI target plate. After the droplets were air-dried at room temperature, 0.5 μL of matrix [5 mg/mL CHCA (Sigma) in 0.1% trifluoroacetic acid in acetonitrile:H 2 O (1:1)] was added and allowed to air-dry at room temperature. The resulting mixture was analyzed in a 4700 Proteomics Analyzer (AB Sciex) in positive reflectron mode (2000 shots every position).
Peptide separation by liquid chromatography-MS/MS was performed using an UltiMate NanoLC system (LC Packings) and a QSTAR XL Q-TOF hybrid mass spectrometer (AB Sciex). Samples (5 μL) were delivered to the system using a FAMOS autosampler (LC Packings) at 30 μL/min, and, the peptides were trapped onto a PepMap C18 precolumn (5 mm, 300 μm i.d.; LC Packings). Peptides were then eluted onto the PepMap C18 analytical column (15 cm, 75 μm i.d.; LC Packings) at 300 nL/min and separated using a 120-min gradient of 5-50% acetonitrile. The QSTAR XL was operated in information-dependent acquisition mode, in which a 1-s TOF MS scan from 400 to 2,000 m/z was performed, followed by 3-s product ion scans from 65 to 2,000 m/z on the three most intense doubly or triply charged ions. The combined MS/MS information was sent to Mascot via the Mascot Daemon software (Matrix Science), and a database search was performed using the NCBI database restricted to green plants (Viridiplantae). Carbamidomethylation of Cys was used as a fixed modification, and oxidation of Met and deami-dation of Asn and Gln as variable modifications. Mascot sequence query searches were done with tryptic specificity allowing two maximum missed cleavages, a peptide mass tolerance of ±100 ppm, and a fragment mass tolerance of ±0.6 Da.
Tomato RNA Extraction and Purification. Tomato (Solanum lycopersicum L. cv. Rutgers) young leaves (5 g) were ground with a mortar in the presence of liquid N 2 and homogenized with 5 vol of extraction buffer [0.1 M Tris·HCl (pH 9.0), 0.1 M NaCl, 10 mM EDTA, 0.1 M 2-mercaptoethanol, 5 M urea]. The extract was clarified by centrifugation for 5 min at 12,000 × g and extracted with buffered (pH 8.0) phenol:chloroform (1:1). Total RNAs in the aqueous phase were precipitated with isopropanol and recovered by centrifugation. An aliquot of the tomato RNAs (one-fourth of the total) was purified by chromatography using a silica gel spin column (Centrifuge Plant RNA Mini Kit; Nëdken) and eluted in 60 μL H 2 O.
RT-PCR Amplification and Cloning of Tomato DNA Ligase 1 cDNA.
Purified tomato RNA (4 μL) was reverse transcribed using 5 pmol of primer I (5′-CGCAAGTGCTCTTTGATTAGTCTTC-3′, complementary to positions 2,470-2,494 of GenBank accession no. BT014510) in a 10-μL reaction containing 50 mM Tris·HCl (pH 8.3), 50 mM KCl, 4 mM MgCl 2 , 10 mM DTT, 0.5 mM each dNTP, 10 U RNase inhibitor, and 50 U of M-MuLV reverse transcriptase (Fermentas) for 45 min at 42°C, 10 min at 50°C, and 5 min at 60°C. An aliquot of the RT reaction (1 μL) was subjected to nested PCR amplification in two consecutive reactions of 20 μL with 0.4 U of Phusion High-Fidelity DNA polymerase (Finnzymes) in the presence of HF Buffer (Finnzymes), 3% dimethyl sulfoxide, and 0.2 mM each dNTP. The cycling profile consisted of an initial denaturation of 30 s at 98°C, 30 cycles of 10 s at 98°C, 30 s at 55°C, and 1.5 min at 72°C, and a final incubation of 10 min at 72°C. The first PCR contained 0.5 μM of primers I and II (5′-CTTCTTTCCAAATTG-AATGTTGTG-3′, homologous to positions 54-77 of BT014510), and the second, 1 μL of first reaction products and 0.5 μM of primers III (5′-GGCGCGGCCCATGGGAATGTTGTGTTTG-AGTTC-3′, with the sequence homologous to positions 70-86 of BT014510 in italics and the site NcoI underlined) and IV (5′-GGCGCGGCCTCGAGGTCTTCATCGTTGTC-3′, with the sequence complementary to positions 2,461-2,475 of BT014510 in italics and the XhoI site underlined). The PCR products were separated by electrophoresis in a 1% agarose gel in Tris-acetate-EDTA buffer [40 mM Tris, 20 mM sodium acetate, 1 mM EDTA (pH 7.2)] that was stained with ethidium bromide. The amplified cDNA product was eluted from the gel, digested with NcoI and XhoI (Fermentas), and ligated into plasmid pET-23d(+) (Novagen) linearized with NcoI and XhoI to produce plasmid pESlDNL1.
Expression and Purification of Recombinant Tomato DNA Ligase 1. A recombinant version of tomato DNA ligase 1, including aminoterminal Met-Gly and carboxyl-terminal Leu-Glu-His 6 extensions was expressed in Escherichia coli Rosetta 2(DE3)pLysS (Novagen) transformed with pESlDNL1. A 250-mL culture of 0.6 U at OD 600 was induced with 400 μM isopropyl β-D-1-thiogalactopyranoside for 3 h at 28°C. Cells were harvested by centrifugation, washed, resuspended in 2.5 mL H 2 O containing a mixture of proteinase inhibitors, and frozen. Once thawed, cell suspension was brought to 50 mM Tris·HCl (pH 7.5), 1% Nonidet P-40, 2.5 mM MgCl 2 , and 10 mM 2-mercaptoethanol. After adding 125 U of Benzonase (Novagen), the mix was incubated for 45 min at 4°C. Solid NaCl was added to the solution to a final concentration of 0.5 M, and the mix was shaken 15 more min at 4°C. The extract was clarified by centrifugation at 100,000 × g for 30 min and the supernatant brought to 20 mM imidazole. The recombinant protein was purified by chromatography using a 1-mL Ni-Sepharose column (HisTrap HP; GE Healthcare) with an ÄKTA Prime Plus liquid chromatography system operated at 4°C with a flow rate of 1 mL/min. The column was equilibrated with 10 mL of buffer [50 mM Tris·HCl (pH 7.5), 0.5 M NaCl, 1% Nonidet P-40, 10 mM 2-mercaptoethanol, 20 mM imidazole], and the extract loaded. The column was washed with 20 mL of buffer and eluted with a 1:1 mix of equilibration buffer and 1 M imidazole (pH 8.0).
Plasmid Constructs for RNA Silencing Assays. Plasmid pCdPSTVd+ contains a dimeric PSTVd cDNA (M16826 from position G87 to G86) replacing the GFP coding sequence in pCAMBIA-1302 (GenBank accession no. AF234298) under the control of Cauliflower mosaic virus (CaMV) 35S promoter and Agrobacterium tumefaciens nos terminator. A fragment of the tomato DNA ligase 1 sequence between positions 1,213 and 1,609 (GenBank accession no. BT014510) was inserted in sense orientation between the XhoI and KpnI sites, and in reverse orientation between the XbaI and ClaI sites of pHANNIBAL (GenBank accession no. AJ311872) to produce a hairpin expression cassette, including a CaMV 35S promoter and an A. tumefaciens ocs terminator. This cassette, flanked by two NotI restriction sites, was inserted into the unique NotI site of a modified version (XhoI and SalI sites eliminated) (4) of binary plasmid pCLEAN-G181 (GenBank accession no. EU186083) to generate pGhpSlDNL1. The empty pHANNIBAL NotI cassette was also inserted into the modified version of pCLEAN-G181 to produce the control plasmid pGhpEMPTY. pGhpSlDNL1 and pGhpEMPTY were electroporated into A. tumefaciens C58C1 containing the auxiliary plasmid pCLEAN-S48 (5). In the construct pTRV2-GFP-DNL1, two cDNAs corresponding to positions 219-480 of GFP variant mgfp5 (GenBank accession no. U87973) (6) and to positions 1,173-1,388 of tomato DNA ligase 1 (GenBank accession no. BT014510) were inserted in tandem in sense orientation between the EcoRI and XhoI sites of the virus-induced gene silencing (VIGS) vector pTRV2 (GenBank accession no. AF406991) (7) . In the control plasmid pTRV2-GFP, only the mgfp5 cDNA fragment was cloned between the EcoRI and XhoI sites of pTRV2. pTRV1 (GenBank accession no. AF406990) (7), pTRV2-GFP-DNL1, and pTRV2-GFP were independently electroporated into A. tumefaciens C58C1 and cultures mixed for different VIGS experiments (see below).
Transient Expression of PSTVd and DNA Ligase 1 Constructs in Nicotiana benthamiana. Young, expanded leaves of Nicotiana benthamiana Domin plants (5 wk old) were infiltrated with a mix of A. tumefaciens C58C1 cultures. The individual cultures were grown to 0.5 OD at 600 nm, and cells were recovered by centrifugation, resuspended at 0.5 OD at 600 nm in 10 mM Mes-NaOH (pH 5.6), 10 mM MgCl 2 , and 150 μM acetosyringone, and induced by incubation for 3 h at 28°C. Infiltration solution consisted of a 999:1 mix of the cultures in which A. tumefaciens was transformed with a plasmid to express a DNA ligase 1 hairpin construct (pGhpSlDNL1, see above) and a culture of A. tumefaciens transformed with a plasmid to express a dimeric (+) PSTVd transcript (pCdPSTVd+). In the control infiltration, the A. tumefaciens culture transformed with pGhpSlDNL1 was replaced by another transformed with the empty plasmid (pGhpEMPTY). Infiltrated areas were harvested at several time points, RNA extracted and purified, and PSTVd RNA separated by denaturing PAGE and analyzed by Northern blot hybridization as described above. PSTVd monomeric circular and linear forms were quantified by phosphorimetry.
Virus-Induced Gene Silencing of N. benthamiana DNA Ligase 1. Transgenic N. benthamiana plants expressing the GFP variant mgfp5 (line 16c) (6) were agroinoculated at the four-leaf stage with a 1:1 mix of A. tumefaciens C58C1 cultures transformed with plasmids pTRV1 and pTRV2-GFP-DNL1 (see above). Control infiltration was done with a 1:1 mix of A. tumefaciens transformed with pTRV1 and pTRV2-GFP. Cultures were grown and induced as indicated above. At 3-4 wk after agroinoculation, plants were screened for GFP silencing and infiltrated with an A. tumefaciens culture transformed with pCdPSTVd+. This culture was also grown and induced at 0.5 OD at 600 nm, as indicated above, and then diluted at 10 −4 OD 600 with induction buffer before infiltration. In other experiments, the 1:1 mix of A. tumefaciens transformed with pTRV1 and pTRV2-GFP-DNL1 (0.5 OD 600 ; or pTRV2-GFP in the control infiltration) was subsequently mixed in the proportion 999:1 with the A. tumefaciens culture transformed with pCdPSTVd+ (0.5 OD 600 ), and plants were infiltrated. Table S1 . Proteins identified by mass spectrometry analysis in the piece of polyacrylamide gel likely containing the tomato
